Biliary complications (BCs) remain a significant cause of morbidity following liver transplantation (LT). This series of 640 LT recipients with a blend of living and deceased donor transplants was analyzed to determine the incidence, risk factors, management protocol, and outcomes in these patients. Review of a prospectively collected database of transplant recipients operated between August 2009 and June 2016 was performed. Patients were divided into those with and without BCs and data analyzed. The 640 LT recipients from both living (n 5 481) and deceased donors (n 5 159) were evaluated for BCs. The overall incidence of BCs was 13.7%. It reduced from 23% to 5% (P 5 0.003) over a 6-year period. Risk factors for BCs on multivariate analysis were living donor liver transplantation, prolonged time to rearterialization, recipient age above 16 years, prolonged cold ischemia time (CIT) after deceased donor liver transplantation, and biliary reconstruction performed by anyone but the senior author. One-fifth of bile leaks progressed to strictures, and 40% of strictures followed leaks. Endoscopic therapy resolved 60% of the strictures. Surgical repair of strictures was successful in 90% of those in whom endoscopy failed, those who could not undertake the follow-up schedules endoscopic therapy entails, and those presenting with late strictures. BCs significantly prolonged hospital stay but did not alter survival after LT. BCs affect 1 in 7 recipients, although they are not associated with increased mortality. The frequency of these complications is influenced by potentially modifiable factors like evolving surgical expertise and CIT.
The incidence of biliary complications (BCs) following liver transplantation (LT) has steadily fallen over the years.
(1) However, they remain the most frequent complication associated with this procedure, with an incidence ranging from 11% to 34%. (1, 2) Biliary leaks and strictures occur in 5%-15% of patients after deceased donor liver transplantation (DDLT) and 20%-34% following living donor liver transplantation (LDLT). (1, 2) They have a significant impact on the quality of life and survival after LT due to the possibility of recurrent infection and the need for repeated therapeutic intervention. A range of donor, recipient, surgeon-related, and operative variables influence the incidence of BCs after LT. Over the past 2 decades endoscopic management has replaced surgery as the standard of care for BCs, with surgery being reserved for recalcitrant strictures or leaks. (3) The authors present an audit of BCs in 640 consecutive LT recipients.
Patients and Methods
Following an approval from the institutional review committee, a review of a prospectively collected database of 640 consecutive LT recipients, both DDLT (all donation after brain death only) and LDLT, operated upon from the initiation of the program in August Abbreviations: A2ALL, Adult-to-Adult Living Donor Liver Transplantation Cohort Study; BC, biliary complication; CI, confidence interval; CIT, cold ischemia time; DD, duct-to-duct; DDLT, deceased donor liver transplantation; ERC, endoscopic retrograde cholangiography; GRWR, graft-to-recipient weight ratio; HAT, hepatic artery thrombosis; HJ, hepaticojejunostomy; HTK, histidine tryptophan ketoglutarate; LAI, liver attenuation index; LDLT, living donor liver transplantation; LT, liver transplantation; MELD, Model for End-Stage Liver Disease; MRI, magnetic resonance imaging; PDS, polydioxanone; PTBD, percutaneous transhepatic biliary drainage; PTC, percutaneous transhepatic cholangiography; TR, time to rearterialization; UW, University of Wisconsin.
2009 up to June 2016 was performed. It was supplemented by inpatient and outpatient clinical records, along with subsidiary databases of radiological and endoscopic interventions. Patients were divided into those with and without BCs and data analyzed. Nonanastomotic BCs were excluded from the analysis.
The variables were analyzed separately for LDLT and DDLT, as well as together for the whole group where appropriate.
DIAGNOSIS
Biliary leaks were diagnosed when bile was seen draining either through an abdominal drain placed at operation or a radiologically placed drainage catheter, or when there was need for surgical intervention for biliary peritonitis. The presence of bile in the drain was confirmed by an elevated drain bilirubin and/or biliary scintigraphy and/or endoscopic retrograde cholangiography (ERC) in case of doubt.
Biliary strictures were defined as any segmental narrowing around the biliary anastomosis identified on posttransplant imaging with computed tomography, magnetic resonance imaging (MRI), or direct cholangiography, associated with graft dysfunction requiring intervention by endoscopic, radiological, or surgical means.
MENTORSHIP
The vascular (arterial and venous) and biliary anastomoses in the first 100 transplants were performed by the senior author (M.R.). In the next 440, the biliary anastomosis was performed by the junior surgeons, whereas the vascular anastomoses continued to be performed by the senior author. The last 100 transplants have seen the vascular and biliary anastomoses being performed by the junior surgeons.
TECHNIQUE
DDLT organs received a portal flush with 2 L of University of Wisconsin (UW) solution during the procurement, and the bile ducts were flushed free of bile prior to cold preservation.
All transplants were performed with caval preservation. Reperfusion was always through the portal vein first. Time to rearterialization (TR) of the graft was defined as the period between portal reperfusion and completion of the arterial anastomosis. Bile ducts were isolated and transected using the "complete hilar plate encircling" technique. (4, 5) Our preferred technique for bile duct reconstruction in LDLT was a direct ductto-duct (DD) anastomosis using interrupted 7/0 polydioxanone (PDS) sutures without the use of stents or T-tubes. For DDLT biliary reconstructions, we performed a direct DD anastomosis using interrupted 6/0 PDS sutures without the use of stents or T-tubes. Bile leak test (6) was used at the discretion of individual surgeons. Mucosa-to-mucosa Roux-en-Y hepaticojejunostomy (HJ) was used in most pediatric transplants, retransplants, and for patients with primary sclerosing cholangitis using the same technique. When more than 1 donor hepatic duct needed reconstruction, this was performed separately to the right and left recipient hepatic ducts after high hilar dissection of the recipient bile duct. (7) On rare occasions, 1 duct was reconstructed DD and another to a HJ. Standardized tripledrug immunosuppression with tacrolimus, mycophenolate mofetil, and steroids was employed after transplant on all recipients in the study. Steroids were withdrawn at 3 months after transplant, and immunosuppression was tapered to single-drug longterm therapy with tacrolimus when possible.
MANAGEMENT
Biliary leaks were managed conservatively at first as long as the leak was controlled with an abdominal drain or radiologically placed catheter. Intervention was performed when the leak was uncontrolled, of high volume (>200 cc/day), or when there was no evidence of reduction in bile output through the drain for greater than 7 days. Surgery (laparotomy, peritoneal lavage, and controlled external drainage) was performed for uncontrolled biliary leaks. ERC and stenting was the preferred intervention for patients with DD biliary reconstruction. Percutaneous transhepatic biliary drainage (PTBD) was performed in patients with HJ reconstructions and selectively in those with failed ERC.
Biliary strictures in patients with DD reconstructions were treated with ERC and stenting. The stricture was balloon dilated, and the largest diameter (preferably 10-Fr) plastic stent that crossed the stricture was placed in the bile duct. Stents were electively changed every 3 months or when there was evidence of stent occlusion. Successful endoscopic therapy was defined as resolution of the stricture on direct cholangiography. PTBD was used in patients with cholangitis and failed ERC. Surgical repair of the stricture was performed in patients with failure of endoscopic therapy, strictures after HJ, and patients from remote locations who could not be followed up as required following endoscopic stenting.
STATISTICAL ANALYSIS
Continuous values were expressed as means 6 standard deviation. Statistical analysis was performed using SPSS, version 20.0 for Windows (IBM, Chicago, IL). Categorical variables were analyzed by chi-square test or Fisher's exact test, as appropriate. Continuous variables were analyzed by Student t test or the MannWhitney U test, as appropriate. Significant variables from the univariate analyses were used as covariates in the multivariate analysis. Multivariate analysis was Of the 640 LTs, 184 were performed on children aged below 16 years. Although there was no difference in the incidence of bile leaks between the adult and pediatric patients (11.2% and 8.7%, respectively; P 5 0.38), biliary strictures were more common in the adult patients (6.8% versus 2.1%; P 5 0.02), likely related to the greater proportion of DD reconstruction in the adult population.
RISK FACTORS
Univariate analysis demonstrated that BCs were significantly greater in patients with longer cold ischemia time (CIT), CIT after DDLT, DD anastomosis compared with HJ, a partial graft compared with a whole graft, when biliary reconstruction was not performed by the senior author, and when TR was prolonged (Table 1) .
On multivariate analysis, significant factors from the univariate analyses were used as covariates. LDLT, adult recipient, TR, and experience of the operating surgeon were significant risk factors for BCs (Table 2) . Subgroup multivariate analysis was performed for LDLT and DDLT separately. In the LDLT subgroup, age of the recipient (pediatric versus adult), experience of the operating surgeon, and TR predicted BCs (Table 2 ). Multivariate analysis of the patients undergoing DDLT revealed CIT and surgeon experience to be the only significant predictor of BCs ( Table  2 ). The frequency of BCs against each 100 transplants is demonstrated in Fig. 1 .
INTERVENTIONS
The management of the entire group of patients who experienced BCs after LT are presented in Figs. 2 and 3. A total of 64.2% (43/67) of bile leaks after LT were managed by controlled external drainage of the leak only, of which 88.4% (38/43) resolved without progression to stricture. A total of 30% (20/67) of bile leaks required ERC, 55% (11/20) of which resolved without progression to a biliary stricture. Six patients needed surgery to control large volume early bile leaks, 2 of whom also underwent unsuccessful ERCP.
ERC as the primary modality to treat biliary strictures was successful in 12 of 20 (60%) patients at a median time from LT of 1 month (range, 1-19 months). However, 3 patients were lost to follow-up with stents in situ, whereas 9 patients were stent-free after a median of 2 stent exchanges (range, 1-4). HJ was used as the primary modality to treat biliary strictures in 13 patients (2 following primary HJ and 11 following primary DD) and an additional 7 patients after failure of ERC to resolve the stricture. The median time to surgery after LT was 5 months (range, 1-21 months). Percutaneous transhepatic stenting was used to treat 4 patients, including 2 who developed recurrent strictures after revision surgery.
OUTCOMES
Hospital stay was significantly longer in LT patients with BCs (29.7 versus 24.5 days; P < 0.001). However, BCs did not influence posttransplant survival (Table 3 ; Fig. 4) .
Discussion
Our results demonstrate that technical considerations and experience are the most important factors influencing the frequency of BCs after LT, and LDLT in particular. The BC rate in the early part of the program when all biliary reconstructions were performed by the senior author was low. It rose as other members of the team began performing biliary reconstructions, but fell significantly as the team gained experience. The learning curve of the program is apparent from Fig. 1 .
Learning curves are described for complex new procedures such as LDLT. (7) (8) (9) (10) (11) (12) The Adult-to-Adult Living Donor Liver Transplantation Cohort Study (A2ALL) consortium demonstrated improved graft survival after the first 20 LDLTs at each center. (7) The same group demonstrated a transition from higher to lower mortality at case 15 in both A2ALL and non-A2ALL centers. (8) The present study did not start out to assess the learning curve for LDLT. The authors looked into this only once the role of technique and experience in lowering BCs became apparent. Although the process of recipient hepatectomy and graft reperfusion might require 15-20 cases to overcome the learning curve for hepatobiliary and LT surgeons, respectively, the arterial and biliary anastomoses in LDLT require a greater degree of supervision to achieve good results. Although at first impression, a learning curve of 100 cases might seem excessive, it is important to remember that this number achieved a BC rate of approximately 15%, whereas the matching rate of BC from the A2ALL consortium was 40%. (13) Additionally, the data presented cover the period of setting up a new transplant program, and in the early years, there was some turnover of faculty. Cultural factors also play a role; extended mentorship is possible and indeed acceptable because mentees at our center are members of the faculty with intent to remain on staff over an extended period, rather than trainees expected to complete their fellowship and move to other centers. The real number of LDLTs required to achieve excellent outcomes lies somewhere between 20 and 100. The incidence of BC in the present study compares favorably with that 15%-25% incidence reported in other series. (1, 11, 12) A large review comprising 14,359 LT recipients by Akamatsu et al. reports an overall biliary stricture rate of 13% (DDLT 12%, LDLT 19%).
(1) The A2ALL consortium reported BCs in 25% of DDLT recipients and 40% of LDLT recipients, of which 38% and 65%, respectively, were bile leaks. (13) The present series reflects A2ALL data in that a considerable proportion of the BCs associated with LDLT were bile leaks. Preventing bile leaks has the potential to reduce the incidence of biliary strictures (by 40% in the present series), apart from the reduction in biliary and fungal sepsis.
(1) Use of a bile leak test with saline, propofol, or intralipid can be beneficial (6) in reducing strictures and sepsis, particularly in the early stages of a program or when biliary reconstruction is complicated. In contrast, BCs after DDLT often present directly as biliary strictures, bile leaks being much less common. (1, 13) Prevention of BCs after LDLT begins with accurate determination of donor biliary anatomy with preoperative MRI and selective operative cholangiography. Parenchymal dissection must be performed carefully and minor bile leaks sutured or clipped. Particular care must be taken while transecting the caudate lobe (14) as failure to identify transected ducts here may lead to troublesome bile leaks and collections adjacent to the biliary anastomosis resulting in inflammatory strictures. The "complete hilar encircling" technique ensures that donor bile ducts are isolated along with an intact hilar plate, and are transected in the same plane as the adjacent plate, thereby ensuring the presence of healthy, vascularized tissue around the bile ducts. (5, 15) The ducts are transected flush with the liver parenchyma to further reduce the chance of ischemia. During the recipient operation, it is important to preserve periductal tissue to maintain vascularity of the recipient bile duct. Certain authors suggest that the right hepatic artery should be preserved with the adjacent common bile duct and divided to the right of it. (12, 15) They demonstrated that hepatic arterial reconstruction with the recipient left hepatic artery resulted in fewer BCs as a consequence of this approach. Others have suggested improved results with technical modifications such as the use of corner-sparing sutures and telescoping of the donor bile ducts into the recipient bile duct. (16) We have persisted with the use of standard biliary reconstruction using fine, evenly placed mucosa-to-mucosa absorbable sutures under magnification. The role of biliary stents and T-tubes is controversial. Although some reports demonstrate a reduction in biliary strictures with their use, they are associated with an increased risk of complications such as bile leak and sepsis. (17, 18) The interval between portal reperfusion and arterial perfusion of the graft, the TR has been reported to influence BCs after DDLT in a number of studies. (19) Although controversial, TR greater than 30 minutes may be associated with more BCs after DDLT. However, there have been no reports regarding this factor so far in any series involving LDLT other than our own. (19) This study demonstrates that the TR was approximately 15 minutes longer in patients with BCs than those without. Over the last 140 cases, since our previous publication, we have endeavored to keep the TR as low as possible.
Endoscopic stent placement is successful in approximately 85% of patients with strictures after LT when performed by experienced endoscopists. (1, 2, 20) Resolution of biliary strictures is successful in approximately two-thirds of such patients. (1, 2, 20) The results are best for post-DDLT biliary strictures, which are Bismuth type I or II strictures and are easily treated with endoscopic dilatation and placement of multiple plastic stents or covered metal stents.
(1) The risk of stricture recurrence in such patients is approximately 20%, but even these are amenable to endoscopic treatment.
(1) In contrast, post-LDLT biliary strictures are less likely to respond to endoscopic interventions. (7, 8, 21) A review from Korea reported the success rate of endoscopic treatment for biliary stricture after LDLT ranged from 37% to 71%, which compares favorably with our experience. ERC as the primary modality to treat biliary strictures was successful in 12/20 (60%) of our patients at a median time from LT of 1 month (range, 1-19 months). (21) Outcomes are best with early onset biliary strictures that are usually soft and respond to dilatation and, whenever possible, insertion of more than 1 stent. (1, 2, 7, 8, 22) We have used surgical repair of biliary strictures more frequently than many others. Surgical repair for post-LT biliary strictures is effective and lasting, considered to be dangerous, and associated with high morbidity, (23) particularly when performed later than 6 months after transplant or in the presence of a persistent bile leak. (24) We preferred surgical repair over endoscopic therapy for patients who travel long distances for medical care and would be unable to maintain the follow-up schedules that endoscopic therapy might entail. None of our patients had a persistent bile leak at the time of surgical repair, and the median time to repair was 5 months. A total of 2 out of 20 patients experienced serious complications in the form of recurrent stricture. The repair was successful in 90% of patients.
Our study does have limitations. It is a retrospective analysis of prospectively collected data over a significant period of time. This could have led to bias inherent to retrospective data. The mentorship was a subjective assessment based on the comfort level and confidence of the senior author on the junior surgeons' competence. This study does not provide objective mentorship parameters for center-specific comparison and reproducibility.
We conclude that BCs are a significant cause for morbidity but not mortality after LT, and LDLT in particular. Prevention of BCs is based on good technique, attention to detail, and experience. Prevention of bile leaks has a major role in preventing biliary strictures. Although endoscopic therapy remains the preferred treatment for biliary strictures after LT, surgical repair is effective especially when performed later after LT. It is particularly beneficial for patients in whom close and repeated follow-up is difficult.
